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ABSTRACT 
 
Convolute lamination is a common fold structure within turbidite beds, attributed to the 
deformation of sediment during or soon after deposition of the host bed. Despite the 
prevalence of this feature, the formational processes are still not well understood. Possible 
mechanisms are investigated here through redescription and analysis of convolute lamination 
from the Aberystwyth Grits *URXS6LOXULDQZHVW:DOHV8.LQZKLFK³FRQYROXWHEHGGLQJ´
was first defined. Internal bed structures have been studied in clean coastal exposures and on 
high-resolution optical scans of cut surfaces. Convolute lamination occurs in intervals 2-10 
cm thick, spanning the top of the very fine sand Bouma C division through the D division of 
interlaminated silt and clay. Observed growth geometries confirm that the structure formed 
during sedimentation of the host graded bed. Folds show a down-flow asymmetry and 
doubly-vergent diapiric geometries ³PXVKURRP´-shaped structures). Grain size 
measurements from a modern turbidite (Icod bed, ~165 ka, Moroccan Turbidite System) 
VXJJHVWWKHUHLVDQRSWLPDOµZLQGRZ¶ of average grain size and mud content parameter space, 
within which convolute lamination develops. It is proposed that this window coincides with a 
bed density inversion created during deposition of a graded bed as clean sand (with pore 
spaces infilled by water) fines upwards into mud-rich sand (with pores infilled by an 
increasing proportion of mud). Porosity decreases and bulk bed density correspondingly 
increases. The resulting unstable density gradient may lead to vertical buoyancy-driven 
overturn, manifest as growing folds. Subsequent amplification of the folds due to density 
differences and modification due to horizontal shear imposed by the depositing turbidity 
current may then occur. The bed density gradient stabilises with deposition of low 
permeability mud, suppressing further fold development. Quantitatively, both Rayleigh-
Taylor instability and Kelvin-Helmholtz instability are theoretically possible in forming folds 
in this context. 
 
Corresponding author: C Gladstone [lotty@bpi.cam.ac.uk] 
Running title: Convolute lamination in mud-rich turbidites 
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INTRODUCTION 
 
Convolute lamination is a fold structure confined within a single bed (Fig. 1) rather than 
involving a number of beds. The structure is therefore thought to form during or soon after 
deposition of the host bed. Although first defined in turbidite beds, the term convolute 
lamination has been extended to other depositional environments, not the focus of the present 
paper. 
Proposed formation mechanisms for convolute lamination in turbidites include shear by 
the turbidity flow, shear due to a depositional slope, buoyancy instability, and water escape 
(Allen, 1985). However, there is no consensus on the relative importance of these 
mechanisms. This paper clarifies possible mechanisms by re-describing and re-interpreting 
the type convolute lamination, defined by Kuenen (1953) in the Aberystwyth Grits Group of 
west Wales, UK. Field observations are coupled with grading measurements through an 
analogous turbidite containing convolute lamination, the Middle Pleistocene Icod event 
within the Moroccan Turbidite System, offshore NW Africa. Three possible hydrodynamic 
mechanisms are then assessed quantitatively, by exploring the likely physical state of the 
sediment and the depositing flow at the time of deformation, and using these to estimate the 
growth of instabilities. A hypothesis is proposed for the development of convolute lamination 
in deep-marine turbidites. A better understanding of this structure allows its more effective 
use in facies and palaeoflow analysis and informs the debate on triggers for soft-sediment 
deformation (Owen et al., 2011). 
 
 
DEFINITION OF CONVOLUTE LAMINATION 
 
Although convolute lamination was occasionally described under other names early in the 
twentieth century (e.g. Fearnsides, 1910; Jones & Pugh, 1935), it only became commonly 
recorded with the upsurge of interest in graded bedding around 1950 (Migliorini, 1950; Rich, 
1950; Natland & Kuenen, 1951). The structure was most fully described, and named as 
µFRQYROXWH EHGGLQJ¶ E\ .XHQHQ  XVLQJ H[DPSOHV IURP WKH WXUELGLWHV RI WKH
Aberystwyth Grits. The main features of KXHQHQ¶VGHIinition were (Fig. 2A): 
x deformation is contained within one graded bed, with only one fold zone within each bed; 
x fold amplitude decreases both upwards and downwards from near the centre of the 
deformed zone; 
x the top of the convolute zone may or may not be eroded and overlain unconformably by 
finer sediment; 
x the bed boundaries are unaffected by folding and the bed maintains the same thickness 
laterally; 
x no rupture of the laminae occurs; 
x deformation is apparent in two planes at right angles to each other. 
KueQHQ¶V GHILQLWLRQ KDV VWRRG WKH WHVW RI WLPH although further characteristic features have 
been added (Allen, 1985): 
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x convolute anticlines tend to be tighter than the synclines; 
x folds tend to be double-KLQJHGDQGWRGHYHORSHODVWLFD³PXVKURRP´VKDSHV 
x individual laminae tend to thicken and thin from one part of a fold to another. 
$OOHQDOVRIRUPDOLVHG.XHQHQ¶VUHFRJQLWLRQRILQWHUQDOGLVFRUGDQFHVLQWRWKUee 
kinematic categories (Fig. 2B): post-depositional if the bed has no internal discordances, 
meta-depositional if laminae are truncated at the top of the convolute zone, and syn-
depositional if laminae are truncated within the deformed zone. This distinction is valuable in 
diagnosing formation mechanisms. 
 
 
FORMATION MECHANISMS FOR CONVOLUTE LAMINATION 
 
All hypotheses for forming convolute lamination require unconsolidated sediment during 
deformation. Moreover, the sediment must have behaved in a plastic manner in which some 
or all of the weight of the grains was supported by the interstitial fluid. Even before 
µFRQYROXWHODPLQDWLRQ¶ZDVQDPHGLWZDVUHFRJQLVHGWKDWWKLVµK\GURSODVWLFLW\¶LQJUDGHGEHGV
might arise during sedimentation (Challinor, 1949; Migliorini, 1950), or during post-
depositional compaction (Rich, 1950), or by seismic triggering (Bailey, 1930; Jones, 1938). 
Because the convolutions of the Aberystwyth Grits convolutions evidently formed during 
deposition of the host bed, the emphasis in this paper is on the first of these causes ± 
sedimentation ± whilst not precluding post-depositional causes in other environments (e.g. 
Owen et al., 2011). Early authors (e.g. Kuenen & Migliorini, 1950; Ten Haaf, 1956) also 
recognised that well-sorted sands are too permeable to retain water during sedimentation, and 
that silt and clay must be present to reduce permeability and suppress vertical fluid flow. Fine 
sediment has a yield stress, above which it behaves as a viscous fluid and below which it 
behaves as an elastic solid. In subsequent discussions of mechanics, the sediment is assumed 
to be above the yield point, so within the kinematic boundary layer of Butler et al. (2016). 
Below the yield surface, the deposit behaves as a solid. 
Four main deforming mechanisms have been proposed (Fig. 3) that could act individually 
or combine to produce convolute lamination. 
Downslope shear (Fig. 3A) was proposed by Rich (1950) based primarily on observations 
from the Aberystwyth Grits. He envisaged each graded bed being sedimented on a basin 
slope, buried by later beds, fluidized by throughflow of compaction water, then acting as a 
ductile horizon on which higher sediments crept downslope. Williams (1960) proposed that 
heterogeneous folding arose from patchy distribution of liquefied sediment within the bed. 
'ĪXá\ĔVNLet al. (1959) and Nagtegaal (1963) suggested that gravity-induced downslope shear 
could just as well operate at the sediment surface as at depth. 
Current shear (Fig. 3B) was suggested as a deformation mechanism by Kuenen (1953), 
again based mainly on Aberystwyth Grits examples. Kuenen argued that deformation 
occurred close to the depositional surface because: a) convolute troughs are filled by cross-
laminated silt, b) laminae thin over anticlines, and c) developing folds are eroded within the 
bed. Kuenen noted the close association between the folds and underlying ripples; he 
HQYLVDJHG WKHFRQYROXWLRQVJURZLQJE\³SUHVVXUH«H[HUWHGE\ the water in the troughs and 
VXFWLRQ RQ WKH ULGJHV«LQ WKH VDPH PDQQHU DV ZLQG EORZLQJ RYHU ZDYHV´ (Kuenen, 1953 
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p.18). This hypothesis was developed by Ten Haaf (1956) using examples from the Italian 
Apennine Mountains and supported by other studies over the following decade ('ĪXá\ĔVNLet 
al., 1959; Holland, 1959; Sanders, 1960; Dott & Howard, 1962; 'ĪXá\ĔVNL& Smith, 1963). 
Buoyancy instability (Fig. 3C) was considered as a mechanism for convoluted 
deformation by Natland & Kuenen (1951), but with no proposal for generating the necessary 
inverse density gradient. Sullwold (1959; 1960) proposed an involved hypothesis that 
buoyancy-induced load structures at the base of graded beds might be re-eroded, then be 
draped by sediment that mimicked convolute lamination. 'ĪXá\ĔVNL & Smith (1963) 
suggested a simpler direct link between loading of sand on mud at the base of a bed and the 
formation of convolute lamination within it. Experimental studies ('ĪXá\ĔVNL, 1966; Anketell 
& 'ĪXá\ĔVNL, 1968; Anketell et al., 1970) then clarified that load structures at an inverse-
density interface have polygonal patterns in the absence of shear on the bed, but more aligned 
patterns where the bed is sheared. Allen (1977) showed that a reverse density gradient can be 
produced by liquidizing a normally graded layer and letting it settle, with the larger, lower 
grains falling faster than the smaller higher grains to produce a packing gradient. This effect 
could happen during sedimentation as well as post-depositionally. Subsequently, Visher & 
Cunningham (1981) produced a theoretical model of Rayleigh-Taylor instability in reverse 
density sequences induced by fluidization, suggesting that it may apply to convolute 
lamination. 
Fluid escape (Fig. 3D) has infrequently been invoked to explain convolute lamination in 
graded beds. Migliorini (1950) applied this mechanism to convolutions overlying tubular 
structures and Ten Haaf (1956) and Dott & Howard (1962) concluded that fluid escape would 
enhance the formation of anticlines formed by other mechanisms. Frey et al. (2009) showed 
experimentally how water-escape and gas-escape structures might be distinguished, though 
neither geometry matches turbidite convolute lamination. 
 
 
GEOLOGICAL SETTING OF THE ABERYSTWYTH GRITS GROUP 
 
The Aberystwyth Grits Group, previously termed the Aberystwyth Grits Formation, is a 
Llandovery (early Silurian) turbidite system in west central Wales (Fig. 4). In common with 
several previous authors (e.g. Wood & Smith, 1958), the Aberystwyth Grits Group is referred 
throughout this manuscript as the Aberystwyth Grits, for brevity. It is best observed in coastal 
cliffs between New Quay and Borth but is also exposed inland as far as the NE-striking 
Bronnant Fault, which bounded the Aberystwyth Grits sub-basin to the southeast (Wilson et 
al., 1992). The turbidity currents were confined within a linear upper crustal fault trough, 
during a transtensional phase of the Welsh Basin (review by Cherns et al., 2006).  
Terrigenous clastic material was supplied to the sub-basin mainly from the southwest. 
Data from erosional flutes and grooves, (Wood & Smith,1958), show that the turbidity 
currents flowed northeastward along the axis of the sub-basin (Fig. 4). Average grain size and 
bed thickness decrease both northeastward down the sub-basin and stratigraphically upwards, 
from the coarser Mynydd Bach Formation to the finer Trefechan Formation. Ripple cross-
lamination also shows flow mainly to the northeast (Wood & Smith, 1958) although there are 
two areas with anomalous directions; northwesterly flow near New Quay (Anketell & Lovell, 
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1976), and southwesterly flow south of Borth (McCann & Pickering, 1989). All our 
observations come from between these two anomalous sections, in the medial to distal parts 
of the system (Fig. 4).  
 
 
HOST BED CHARACTERISTICS FOR CONVOLUTE LAMINATION 
 
Convolute lamination is most abundant in the upper unit of the Aberystwyth Grits ± the 
Trefechan Formation (Fig. 1). This unit comprises thin to medium bedded sandstone-
mudstone couplets (e.g. beds 3 and 7; Fig. 1) interbedded with very thin to medium bedded 
siltstone-mudstone couplets (e.g. beds 2, 4, 5, 6, 8; Fig. 1). The sandstone percentage varies 
from 60% proximally to 30% distally (Lovell, 1970). The lower unit of the Aberystwyth Grits 
± the Mynydd Bach Formation ± contains fewer siltstone-mudstone units and has additional 
sandstone beds up to 1 m thick, with basal grain size up to medium sand.  
McClelland et al. (2011) logged a section of about 650 beds, mainly from the Trefechan 
Formation. They showed that convolute lamination rarely occurs in beds where the sandstone-
siltstone interval is very thin (<30 mm). Rather, it is most common (111 beds) in thin to 
medium bedded sandstone-siltstone intervals (30-200 mm; e.g. beds 3 and 7; Fig. 1). 
Whatever the thickness of the host bed, the convoluted interval itself is always between 20 
and 150 mm thick and is typically between 30 and 100 mm (McClelland et al., 2011). This 
small range of convolute interval thickness presumably reflects a critical window of 
conditions (e.g. rheology, density, cohesion) during deposition, controlled by factors such as 
grain size, permeability and sedimentation rate. 
Convolute lamination affects mainly the interlaminated silt and clay interval that, in non-
convolute beds, is parallel laminated and part of the Bouma D interval (Fig. 5). Folding may 
affect the top of the underlying fine sand cross-laminated Bouma C division and McClelland 
et alDUJXHGIRU.XHQHQ¶VK\SRWKHVLVWKDWIROGLQJQXFOHDWHs on the crests and 
troughs of ripples in the C division. The amplitude of folding decreases rapidly towards the 
top of the laminated D division and affects the boundary with the overlying weakly or non-
laminated mudstone of the Bouma E division. This E division is distinct from the infrequent 
very thin interturbidite intervals of hemipelagic laminated or burrowed mudstone (Davies et 
al., 1997). 
 
 
CONVOLUTE LAMINATION GEOMETRY  
 
Most outcrop-scale views of the Aberystwyth Grits convolute lamination (e.g. Fig. 1) 
FRQILUPWKUHHRI.XHQHQ¶V(1953) key observations: a) folds occur within beds that show no 
folding of the bed boundaries; b) each bed contains only one zone of folds; c) the fold 
amplitude is greatest in the centre of the convoluted zone and decreases towards the bed 
boundaries.  
Scans of polished surfaces (Fig. 5) reveal more subtle fold geometries.  
a) Convolute anticlines tend to lie above the crests of ripples in the cross-laminated sand 
and synclines above the ripple troughs (Fig. 5C). This correlation was observed by Kuenen 
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(1953) and confirmed by McClelland et al. (2011). It suggests that convolute folds nucleate 
on underlying current ripples. 
b) Folding is evident on any section through a convoluted bed, and must therefore be non-
cylindroidal. McClelland et al. (2011, Fig. 12) identified the complex dome and basin patterns 
that the folded laminae make on horizontal bed surfaces. They suggested that the non-
cylindroidal folds nucleate on sinuous or linguoid ripples. 
c) In sections cut parallel to the local palaeoflow direction, fold axial planes are typically 
inclined down-flow (Fig. 5A). In sections cut perpendicular or oblique to the palaeoflow 
direction, folds tend to be more upright and symmetric (Figs 5C and D). This down-flow 
inclination of folds suggests that one component in fold formation is the bed shear stress 
imposed by the turbidity flow.  
d) Folds tend not to be simple structures with single hinges and axial surfaces. They 
develop double-KLQJHG ³ER[-IROG´ JHRPHWULHV ZLWK RSSRsing axial plane dips, then elastica 
³PXVKURRP´VKDSHV (Ramsey & Huber, 1987; section 15) in which the limbs dip into, rather 
than away from, the fold core (Figs 5C and D). The cores of the tighter elastica folds contain 
the closed lamination patterns called eye folds, particularly in sections perpendicular to 
current flow. McClelland et al. (2011) deduced that the elasticas and eye folds develop from 
current-induced shear strains acting on already non-cylindroidal convolutions.  
e) Folded laminae typically include angular erosional discontinuities separating 
discordant sequences of lamination or cross-lamination (e.g. Fig. 5B 7KHVH ³VHTXHQFH
ERXQGDULHV´PD\SDVVODWHUDOO\LQWRFRQFRUGDQWVHTuences. Crucially, the sequence boundaries 
are themselves folded. These patterns were first recognised by Kuenen (1953, Fig. 8) as 
W\SLFDO ³JURZWK JHRPHWULHV´ 7KH\ LPSO\ WKDW the convolute folds amplified progressively 
during the sedimentation of the laminated silt-clay division rather than after the whole bed 
had been deposited. 
f) The folds include some volumes, always in the cores of anticlines, where the 
lamination in very fine-sand is disorganized or even homogenized (Figs 5A, C and D). These 
volumes suggest that the very fine sand was locally fluidized as pore water tried to escape 
upwards through the bed. 
g) Despite the evidence for fluidization, no examples of water-escape structures have 
been found, such as breached laminae, escape pipes or sand volcanoes. However, anticline 
crests tend to be flat-topped and their contained laminae to be conspicuously thinner than the 
same laminae in adjacent synclines. This thickness variation is partly due to preferential 
syndepositional ponding of sediment in the synclines. However, the tendency of extreme 
thinning of laminae to occur above volumes of disorganized sand suggests that fluidized sand 
tended to rise buoyantly and pond below less permeable laminated silt and clay. 
 In summary, the convolutions in the Aberystwyth Grits are associated with 
underlying ripples within the host bed. They are affected by downstream shear, and also by 
porosity and permeability changes within the bed that promote local fluidization while 
confining deformation by way of an impermeable cap. As grain size likely plays a controlling 
role on porosity and permeability, grain size trends and sand to mud ratios are explored in the 
next section. 
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GRAIN SIZE TRENDS 
 
Observations from the Aberystwyth Grits 
Hand-lens observations in the field (Fig. 1) and polished hand specimen scans (Figs 5 
and 7) suggest that grain size is a key control on the formation of convolutions: lighter-
coloured relatively clean sand underlies the folds, while dark-coloured sand-deficient 
sediment overlies the folds (Figs 5A, C and D). The convolutions themselves consist of ~ 
1mm thick graded sand/mud laminations (Fig. 6). Sediment is largely detrital quartz within a 
mud matrix, with larger stacked chlorite-mica grains replacing the altered fine fraction 
(Dimberline, 1986; Merriman, 2006) (Fig 6). 
A block from Allt Wen (SN 576 797, sample X6) cut parallel to the palaeoflow was 
polished and thin-sectioned through the convoluted region (Fig. 7). The sediment underlying 
the folds (Figs 7Ai and 7Cii) is pale, clean quartz from coarse VLOWWRYHU\ILQHVDQGȝP-
ȝPĳ-ĳ. Within the convolutions, the coarser quartze grains are lost so the average 
grain size decreases to fine to medium silt (Figs 7Aii, iii and iv) and, evident from the dark 
regions in the microscope images, the fines content is higher (Fig. 7Cii, iii and iv). Dark 
structureless mud characterises the region above the convolutions (Figs 7Av and 7Cv). 
The folds in figure 7 occur above Bouma C division and are capped by the structureless 
mud of the E division. 
 
Observations from the Moroccan Turbidite System 
 
Unlithified sediments provide higher-quality quantitative grain size information than 
ancient low-grade metasedimentary rocks such as the Aberystwyth Grits.  Grain size analysis 
was therefore done on an analogous muddy turbidite from the Moroccan Turbidite System of 
the Middle Pleistocene. 
 
Field area 
The Moroccan Turbidite System (MTS) is a series of intraslope basins and canyons 
leading from offshore NW Africa shelf to the abyssal plain (Wynn et al. 2002). The area has 
been cored extensively and many beds named and cross-correlated from source to sink and 
between depositional basins (Fig. 8). Several beds exhibit convolute lamination; considered 
here is the Icod event turbidite (bed 14 within the Agadir Basin). 
Bed 14 is a very large volcaniclastic turbidite now correlated with the Icod landslide and 
associated debris flow, caused by the collapse of the north-eastern flank of Tenerife ~165ka. 
The flow not only deposited 22km3 of sediment as bed 14 in the Agadir Basin but travelled 
west to deposit bed g (70km3) in the Madeira Abyssal Plain and overspilled east to deposit 
bed m (13km3) in the Seine Abyssal Plain (Frenz et al. 2009). 
Hunt et al. (2011) used geochemical and petrological techniques to show bed 14 
comprises seven subunits (Fig. 9). The basal subunit correlates with failure lowest on the 
Tenerife submarine slope, with overlying subunits sourced from successive retrogressive 
failures from progressively higher locations such that the upper four subunits were 
subaerially-derived. Very thin mud layers between each subunit probably represent several 
days¶ pause between successive failures (Hunt et al., 2011). While most beds are siliciclastics 
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sourced from the Moroccan shelf that travelled west through the Agadir Basin, the Icod event 
was sourced from the Canaries and flowed east, and thus upstream, through the Agadir Basin. 
Convolute lamination occurs in subunits 2 and 3 (Fig. 10) in the form of folds (cores 
CD166/27, 29 and 31) and flat-topped elasticas (core CD166/33). Hunt et al. (2011) identified 
convolute lamination within the central region of subunits 2 and 3. In both examples, the 
convolutions are underlain by ripple cross-laminated Bouma C sand and overlain by planar 
laminated Bouma D silt (Fig. 9). Both in terms of the bounding sedimentology and the fold 
geometry, the convolute lamination here resembles that observed in the Aberystwyth Grits. 
 
Data collection and trends 
Samples of 1 cm3 were extracted continuously from the base to the top of each core and 
~ 10,000 grains analysed using a Malvern Mastersizer to generate a full distribution histogram 
ZLWKELQZLGWKRIóĳ  
Within core CD166/27, Bed 14 is 159 cm thick, with the 7 subunits thinning upwards 
from 25 cm (subunit 1) to 5-10 cm thick (subunits 5, 6 and 7). These are overlain by a thick 
80 cm mudcap (Figs. 9 and 10). Each subunit grades normally, with decreasing average grain 
size (Fig. 11A) and increasing proportion of fine grains, )F (Fig. 11B). For consistency with 
other MTS size analyses (e.g. Hunt et al. 2011, Stephenson et al. 2014), the upper boundary 
of the fine fraction is defined as 32Pm (5I, although Frenz et al. (2009) used a cutoff of 10 
Pm (6.6I. Four different measures of grain size can be evaluated (Fig. 11A): (i) volumetric 
mean, dvol; (ii) modal value, dmod, (cf. Hunt et al. 2011, Stephenson et al. 2014); (iii) the 50th 
percentile, d50, which yields values that track the mode but can be much smaller for the finer 
distributions, and (iv) the 90th percentile, d90. This last measure is included because 
comparisons between measurements taken first by a hand lens and grain size comparator, and 
second using a Malvern  (Sumner et al., 2012), indicate that hand-specimen values correlate 
with the coarsest 5-20% of the full size distribution. The d90 value provides a link with field 
estimates in ancient systems. In subsequent figures, d50 is used because the presence of 
occasional coarse grains in the sediment, which will not feature in dmod, may be important in 
terms of processes.  
Fig. 11 shows that subunits 2 and 3 broadly grade normally, but that dvol (Fig. 11A) and 
)F (Fig. 11B) show perturbations in the upward-fining trend through the convolutions, i.e. the 
grading is no longer monotonic. While these perturbations might represent the migration of 
grains during deformation, they may simply be the result of local inversion of the lamination 
by the folding, particularly where the original lamination is preserved.. )F increases markedly 
across the upper boundary of the convoluted region (Fig. 11B). (Data points at h = 34 cm and 
35 cm are unfortunately unavailable.) 
Plotting )F against dvol for each sample yields information that is independent of bed 
height or subunit: there is a µZLQGRZ¶RISDUDPHWHUVSDFHcorresponding to dvol ~ 50-100 Pm 
and )F ~ 10%-30% within which convolute lamination develops (Fig. 12; large grey circles). 
While convolute lamination may develop outside this window, other structures are not 
observed within it. Cross-laminated Bouma C sediment (diagonal crosses) may be of the same 
mean grain size as the folded region but lacks the fines content; conversely, planar-laminated 
Bouma D sediment (small black circles) may have a similar average grain size but has a 
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higher fines content (> 30%). While dvol is important, )F is a key indicator for convolute 
lamination.  
Full grain size curves taken just below the folds, through the folds and just above (Fig. 
13), indicate that sand is present in all samples although the amount and peak grain size 
decrease moving upwards out of the convolutions. Mud is particularly prevalent in the 
sediment above the convolutions with clay also presenthere. Note the inversion of two curves 
compared to a perfectly graded bed owing to the folding. 
 
Statistical analyses 
Sorting, V1, can be assessed using percentiles from the grain size distributions (Folk & 
Ward, 1957). The cross-laminated sands underlying convolutions are moderately well-sorted 
with consistent values of V~1 (Fig. 14A). Convoluted sediment is more poorly-sorted, 
marking the onset of mud deposition (1<V<2). The laminated silt above the deformation is 
very poorly sorted (V~1.75) reflecting the marked increase in clay content noted from Fig. 
13A. Indeed, independent of bed depth, subunit or Bouma division, Vcorrelates highly with 
)F (r=0.95) (Fig. 14B), but less so with dvol (r=-0.85) or d90 (r=-0.83), an indication of the 
coarsest sediment present  
Calculated skewness, sk1, (Folk & Ward, 1957) shows that the entire sequence is strongly 
fine-skewed. However there is no correlation between skewness and any of the grain size 
parameters measured, although each division appears to plot in a characteristic region of 
parameter space (Fig. 15). 
 
Summary of Icod grain size analysis 
The measurements from the Icod turbidite core CD166/27 suggest that grain size is a key 
controlling parameter in the formation of convolute lamination, in particular the fines content 
and its control on sorting. Each division has characteristic sediment properties (Table 2): 
x Bouma C sediment below the convolute lamination is moderately sorted, clean sand 
()F <15%) with dvol | 100Pm. 
x Convoluted sediment is poorly sorted and contains more fines ()F = 10%-40%) while 
retaining sand with dvol | 80Pm. 
x Overlying Bouma D laminated silt is very poorly sorted as )F>50% with prevalent 
clays, leading to a drop in average grain size, dvol | 50Pm. 
 
QUANTITATIVE ANALYSIS OF CONVOLUTE LAMINATION FORMATION 
MECHANISMS 
 
The underlying assumption of the following analysis is that convolutions arise because a 
perturbation nucleates on linguoid ripples (McClelland et al. 2011) and is amplified by some 
fluid-dynamical instability. 
First, estimates are obtained of the physical parameters that characterise the flow and the 
bed at the time of convolute lamination formation. These estimates are then employed to test 
the plausibility of proposed mechanisms, using results from linear stability analyses. Such 
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analyses provide three main predictions: a stability criterion; a favoured wavelength, O, or 
range of wavelengths for the perturbations that develop; and a growth rate V for the early 
exponential phase of growth; in practical terms, the perturbation is expected to develop over 
several multiples of the timescale 1/V. 
 
Rough estimates of physical parameters 
 
The following parameter estimates are arranged in decreasing order of reliability. Some 
(e.g. grain size, bed thickness) can be measured directly; others (e.g. Shields number) are 
estimated using measurements from other systems or laboratory evidence; and some (e.g. 
viscosity) are order-of-magnitude inferences. Values are summarised in Table 1. 
The density, ȡbed, of the newly-deposited bed can be estimated from the density of quartz 
(2650 kg m-3), the density of water, ȡ0 and plausible packing fractions 1.06.0 r K , giving  
 
3
00 m kg)2002000()( r| UUKUU qtzbed . (1) 
The settling velocity, ws, of the grains can be estimated from the grain diameter, d, 
typically in the range (10-100 Pm); allowing for the flocculation of clay, this suggests ws, in 
the range (10-4-10-3 m s-1) (Allen, 1985, section 3.6). 
The deposition time, Tdep, for the sediment layer that will subsequently be deformed can 
be estimated by considering the depositional flux. The downward volume flux of sediment 
per unit area is wsC, where C is the volume fraction of sediment in suspension; the time taken 
to build up a layer of thickness h is therefore  
 
Cw
h
T
s
dep
K 
 (2) 
where a single value of h | 0.05 m is typical for a convoluted layer from the Aberystwyth 
Grits, and values of C in the range 0.05 to 0.1 are plausible for turbidity currents (Mulder & 
Alexander, 2001), giving Tdep | (300-6000) s. 
The current speed, U, and the closely-associated bed shear stress, W play important roles 
in this parameter estimation and the instability criteria. Unfortunately, they are not 
straightforward to estimate, in part because of the need to separate the various drag 
components. Kuenen (1953) (p. 20), assessing the viability of his proposed mechanism, uses a 
current speed of 0.6 ms-1 though earlier (p. 13) he uses observations of current ripples to 
HVWLPDWHWKDW³WKHEHGYHORFLW\DWDFHUWDLQSRLQWPD\ILUVWEHWRRKLJKIRUULSSOLQJSUREDEO\
more than 50 cm per second. As the velocity decreases rippling starts, attains a maximum and 
then falls off again. By the time the tail of the turbidity current is passing the point in question 
at a velocity below 25 cm per second, rippling stops and the top of the bed is deposited in 
SDUDOOHO IODW ODPLQDH´ 7KLV VXJJHVts that the convolute lamination formed under current 
speeds rather lower than Kuenen uses in his assessment of the mechanism. 
Rather than estimating U a priori, a value is inferred directly from sedimentological 
evidence. It is necessary to distinguish between the skin drag felt as stress on the bed, and the 
total drag which includes contributions from form drag, cf, and from the upper interface of 
the current ci: 
 Ĳ = csUCU2     and     Ĳtot = ctotUCU2 (3) 
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where Ĳ is the stress felt by the bed as skin drag, ctot = cs + cf + ci, and UC is the density of the 
current. The skin drag is the relevant quantity both for the Shields diagram and for the viscous 
deformation of the freshly-deposited bed. 
The Shields number Ĭ must first be estimated; from this Ĳ is evaluated and U obtained 
via a Chezy drag law 
 
2/1
¸¸¹
·
¨¨©
§ 
Csc
U U
W
 (4) 
(The skin drag rather than total drag is used in eq. (4); this concurs with the basic physics of 
sediment motion (e.g. Dyer, 1986) but Leeder (1982) suggests that total drag is often used.) 
Typical Shields numbers, Ĭ exerted by the turbidity current on the recently-deposited bed are 
estimated from the region of the Shields diagram (e.g. Allen, 1985) in which the sedimentary 
structures appear. The deformed interval occurs once the current has waned just past the 
ripple stage, where the Shields parameter, 
  
dg'0U
W 4  (5) 
is of the order of 0.03-0.1 for non-cohesive sediment, and J¶ is the reduced gravity driving the 
flow. Recent work on the development of bedforms using cohesive sediment suggests that, for 
mud-rich beds such as the Aberystwyth Grits or the Icod turbidite, a value RIĬ| 1 may be 
appropriate (Baas et al., *LYHQĬW\SLFDObed shear stresses Ĳ exerted by the turbidity 
current on the recently-deposited bed can be estimated. Taking g' = 1.65g and a representative 
grain size dtyp | 3 x 10-5 m for the mixed-grain-size bed, gives Ĳ | (0.015-0.05) Pa. 
Unfortunately, there is considerable uncertainty in the drag coefficients cs and ctot for 
turbidity currents. Garcia & Parker (1993) found ctot of the order of 0.03 to 0.09. They also 
found that the skin friction coefficient cs was a decreasing function of Reynolds number, 
between 0.01 and 0.04 for most of their experiments, and that form drag was dominant for 
flow over erodible beds on which bedforms developed. Kneller & Buckee (2000) quote work 
suggesting that ci > cs + cf and that 8ctot §01, i.e. ctot §00125. This expression agrees to 
within about 20% with the observed current speed quoted by Middleton (1993) for turbidity 
currents in Sanmenxia reservoir. Srivatsan et al. (2004) used a value of ctot = 0.005. Most 
recently, Sequeiros et al. (2010) found effective basal drag coefficients cs + cf of the order of 
0.01 for currents that are deep relative to the vertical scale of bedforms. (The field-scale data 
presented in Sequieros et al.¶V ILJXUH  LQFOXGH WKH HIIHFW RI GXQHV D PHWUH RU PRUH LQ
amplitude, and their figure 15 suggests skin drag only an order-unity factor smaller than the 
total basal drag.) Here, values for cs in the range 10-3 ± 10-2 and ctot a factor of 2 to 5 higher 
are used, so as to be reasonably confident of bracketing the correct values of U. 
Given ߬, and applying the estimates of cs, the current speed, U, is estimated from 
equation (4) as (0.04-0.5) m s-1. It is reassuring to note that this estimate is similar to 
.HXQHQ¶V independently-obtained value. 
 Finally, some tentative estimates of the viscosity, ȝ, of the recently-deposited bed may be 
made by assuming that this bed behaves as a Newtonian fluid, and that the downstream 
overturning of structures is driven principally by the imposed shear. Typically, structures are 
deformed with an aspect ratio of about 1, suggesting that the top of the bed has travelled 
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roughly h downstream while the bed thickness h was being built up vertically. Assuming this 
occurred over the timescale Tdep, the typical shear rate J  can be estimated as 
  
depdep TT
h
h
11  ¸¸¹
·
¨¨©
§
¹¸
·
©¨
§|J . (6) 
This shear must be driven by the shear stress imposed at the bed, so  
 JPW      i.e. depTWP |  (7) 
giving an estimate for P in the range (4.5-300) Pa s. The lower end is about 5000 times the 
viscosity of water, placing it only an order of magnitude higher than the Bingham viscosities 
reported elsewhere for fluid mud (Mei et al., 2001). Given the extreme uncertainties in 
measuring or inferring the rheology of dense suspensions, even this level of agreement is 
encouraging. (Note also that fitting a Bingham model to a given fluid gives lower viscosities 
than fitting a Newtonian model, because some of the stress in the Bingham model must be 
accommodated by the plasticity.) 
Table 1 summarises the reconstructed parameter values for use in the subsequent 
assessment of instability mechanisms. No accuracy greater than order-of-magnitude is 
implied for any of the inferred quantities. As a check, the Reynolds number 
 P
U UHC Re
 (8) 
can be estimated. For a conservatively thin current of depth H = 1 m, minimum density 1000 
kg m-3 and viscosity 10-3 Pa s, Re ~ (40,000-500,000) for the range of U = (0.04-0.5) m s-1. 
These values are comfortably within the turbulent regime. Evidence from natural flows 
suggests H >> 1m (e.g. Sumner and Paull, 2014), giving Re ~ (106-107). 
 
Instability mechanisms 
 
To be considered a plausible candidate for the generation of convolute lamination, an 
instability mechanism should satisfy three criteria:  
(i) Perturbations of the observed wavelengths (O § P) are unstable in a parameter 
regime consistent with the estimates above. This is necessary for the instability to 
nucleate on the underlying ripples as observed. If the preferred wavelength of 
instability is very different from the ripple wavelength, this close correlation is unlikely 
to develop. 
(ii) Perturbations can develop on a timescale comparable with Tdep. (Much slower 
processes will be unable to distort the laminae significantly; much faster ones should 
fully develop long before the bed has formed, and should thus form features at a 
smaller vertical scale.) 
(iii) There should be some reason why the instability is not observed in the overlying or 
underlying regions of the deposit.  
It should be noted at the outset that the instability criteria and the instability growth rates are 
obtained from strongly idealised models and are indicative: like the parameter reconstruction 
above, the quantitative reasoning that follows is order-of-magnitude only.  
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Syn-depositional shear (Fig. 16A) 
Kuenen (1953) proposed a mechanism, akin to the Kelvin-Helmholtz instability (Drazin, 
2002, chapter 3), in which the deformation of the bed was driven by pressure variations in the 
overlying flow, due to the acceleration and deceleration of the flow over the rippled bed (Fig. 
16A). An analysis is given in the Appendix; the instability criterion, in terms of wavenumber 
k, and current velocity U, is 
 
 
2U
g
kk
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Cbed
cut U
UU  !  (9) 
while the growth rate ı of perturbations is generally of the order of  
 P
UV
2
2UCd  (10) 
being significantly smaller than this only very close to the threshold of instability. (Note that 
the viscosity ȝ modifies the growth rate but not the stability criterion.) The current density, ȡC, 
is given by  
 
3
00 kgm 1200)( | UUUU qtzC C . (11) 
. 
Estimates for ȡbed, U and ȝhave already been obtained; the estimates for U and ȝ are not 
independent so U2ȝ must be calculated as a single cluster. Employing the estimated values 
for U (Table 1) yields  
 
11 m 5000m 02  dd cutk ,         i.e. .m 30.0m 001.0 dd cutO  (12) 
There is significant uncertainty due to the range of U, but it appears that the imposed 
wavelengths of order 0.1 m are narrowly within the unstable range. If instead .HXQHQ¶V
(1953) value U = 0.6 m s-1 is used, kcut | 18 m-1 and thus the cutoff wavelength is slightly 
higher, Ȝcut | 0.34 m. This implies that syn-depositional shear is plausible, particularly if the 
current velocity within this discussion has been underestimated. 
Rewriting the estimate for ı in terms of more directly measured or inferred quantities 
gives  
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C
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U
U
PUV  d  (13) 
Taking the lower and upper estimates of cs yields  
 
depdep TT
60060 dd V ,     i.e.    60600
depdep TT
T dd
 (14) 
These estimates give a characteristic time for the instability which is at least an order of 
magnitude shorter than the time for the bed to form. Although larger estimates of cs would 
lead to smaller estimates of U, and thus to slower growth, they would also lead to smaller cut-
off wavenumbers. The instability would then be unable to nucleate on the underlying ripples 
because these have a larger wavelength of around 10 cm. 
 
Buoyancy-driven Rayleigh-Taylor instability (Fig. 16B) 
 
The second hypothesis to be assessed is that convolute lamination is due to a buoyancy-driven 
instability akin to the Rayleigh-Taylor instability (see e.g. Drazin, 2002, §3.7; Chandrasekar, 
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1961). This builds on work by Anketell & 'ĪXá\ĔVNL  $QNHWHOO et al. (1970), Allen 
(1977) and McClelland et al. (2011). 
Following Conrad & Molnar (1997, §5.3), the instability of a layer of depth h with an 
unstable density contrast U1 ± U2 across it, overlying an infinitely deep layer of constant 
density U2, is considered (Fig. 16B). There is no effective mechanism to prevent gravitational 
instability; viscosity merely influences the growth rate and wavelength selection. The 
viscosity of the lower layer has only a weak effect on the dominant mode of instability 
(Conrad & Molnar, 1997), so for simplicity both layers are assumed to have viscosity µ. 
Conrad & 0ROQDU¶VUHVXOWV for the most rapidly growing perturbation are 
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In contrast to the syn-depositional shear mechanism, there is no cut-off wavenumber for the 
buoyancy-driven instability to occur. 
An upper bound on the density contrasts of the order of U1 ± U2 §NJP-3 is estimated; 
a discussion as to the origin and magnitude of this density contrast is given in the subsequent 
section. Using the values in Table 1, estimates of the favoured wavenumber k and the growth 
rate ı, are thus obtained 
 
depT
 k 8       ,m 40 1-| د ɐ د
depT
270
 (16) 
These correspond to favoured wavelengths O and growth timescales T in the range 
 O §PDQG       
270
depT د ܶ د
8
depT
 (17) 
The favoured wavelengths predicted by this analysis are close to that of the underlying 
ripples, suggesting that this mechanism might be effective. The growth rates are more 
problematic, as the timescale for the perturbations to develop remains an order of magnitude 
smaller than the deposition time for the convoluted portion of the bed. It is worth noting, 
however, that if the density contrast U1 ± U2 were rather smaller than the upper bound 
employed in these estimates, T would be proportionally increased. Likewise, if only a portion 
of the convoluted bed is unstably stratified then the effective value of h in the expression for ı 
is reduced, reducing both the growth rate and the wavelength. The subsequent discussion on 
packing and resulting bed density changes suggests that, indeed, only a small portion of the 
bed will experience a reverse density gradient. 
Overall, these calculations suggest that the buoyancy-driven instability mechanism 
developed here using grain size considerations is plausible, and though some problems 
remain, they are less pronounced than for the shear mechanism. 
 
Viscous buckling instability (Fig. 16D) 
 
The third hypothesis, which is less plausible as demonstrated below, is that shear in the cross-
current direction, associated with the pattern of linguoid ripples on which the convolute 
lamination nucleates might trigger viscous buckling (Benjamin & Mullin, 1988) in a thin but 
highly viscous layer of recently deposited silt/mud (Fig. 16C). Viscous buckling is a three-
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dimensional process in which shear in the y-direction of a flow moving in the x-direction 
causes buckling in the z-direction. 
The analysis by Benjamin & Mullin (1988) involves a thin, highly viscous layer of 
density U1 viscosity µ and thickness h floating on an inviscid layer of density U2 > U1. To 
inherit this analysis, a partly fluidized sandy deposit may be treated as the supporting layer, 
and thus U1 §U2 §Ubed. Neglecting surface-tension, the stability criterion is 
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where S is the horizontal shear rate. To obtain a lower estimate of Sc the largest estimate of ȝ 
| 300 Pa s is taken, which along with ȡ
 bed | 2000 kg m-3 and h | 0.05 m gives Sc ذ 0.3 s-1. 
Meanwhile, an upper bound on S is S د U/L, where L is the cross-flow spacing of the linguoid 
ripples. With U د 0.5 m s-1 and L ذ 0.1 m, these give S د 5 s-1. Taken together, these 
constraints make it just possible that horizontal shear rates sufficient to initiate the instability 
could occur in flow over ripples of the dimensions observed in the Aberystwyth Grits. The 
evidence thus suggests that viscous buckling is at best a marginally plausible explanation for 
the convolute lamination found within the Aberystwyth Grits, when the extreme estimates 
from Table 1 are used. 
 
 
Summary of analytical comparisons 
 
These analyses represent an attempt to compare different instability mechanisms using 
real parameters. It is possible that more refined mathematical models would yield 
quantitatively different predictions. Conclusions based on estimated values of U or µ should 
be regarded with special caution. However, some progress in testing the candidate 
mechanisms against the three outlined criteria can be made. 
Criterion (i), which relates to the allowed and favoured wavelengths of the instabilities, 
appears sufficient to rule out viscous buckling, while Kuenen's syn-depositional shear 
mechanism and buoyant instability mechanism remain possible. In both cases the preferred 
wavelength of the instability is close to that of the ripples, though it is rather closer for the 
buoyant than the shear mechanism.  
Criterion (ii), which relates to the growth rate of perturbations, is problematic for both 
the shear- and buoyancy-driven mechanisms because the timescale over which the instability 
develops is shorter than the deposition time for the bed. This problem is more acute for the 
shear mechanism, for which the factors controlling the instability are more tightly 
constrained, than for the buoyancy-driven mechanism. 
Finally, criterion (iii), which relates to the location of convolute lamination within the 
bed, tends to support the buoyancy-driven mechanism. This mechanism, which relies on local 
vertical density gradients, offers an explanation as to why convolute lamination should be 
associated with beds of a particular composition; the shear-driven mechanism is unable to 
explain this 
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RELATIONS BETWEEN GRAIN SIZE AND BED DENSITY 
 
In this section, the effect of grain size on packing and thus bed density is discussed, to 
explore the assertion that a normally-graded turbidite has the potential to be unstably stratified 
in density, in accord with the Rayleigh-Taylor instability. 
The grain size distribution of a sediment affects its bulk properties in non-linear and non-
unique ways. The key properties relevant to the formation of convolute lamination are the 
porosity, I, and permeability, N, the packing fraction, K, (volume fraction occupied by grains 
i.e. K=1-I) and the packing density,Upack (mass per unit volume occupied by grains). Related 
via the pore-filling fluid is the bed density, Ubed (equation 1). For a dry powder, Upack = Ubed; 
for a marine sediment, the brine, which may also contain suspended clays, is included. 
A large body of work has shown that the packing density is a function of (among many 
parameters) grain size distribution, particle shape, the nature of the packing and indirectly, the 
absolute grain size. 
 
Bidisperse mixtures 
V-shaped cross-plots relating bulk and elastic properties of rocks are well known in both 
chemical engineering (Cumberland and Crawford, 1987) and geophysics (Dvorkin et al., 
2014). The v-shape (Fig. 17) results from dispersed mixing of particles of two distinctly 
different mean sizes so that the fine grains with diameter dF, fill the pore space between the 
coarse grains, dC. This infilling causes a dip in porosity and corresponding peak in packing 
density. Dispersed mixing is distinct from laminar mixing, where the grains segregate 
according to their size, creating laminations and consequently, as the fines content increases, 
the porosity evolves linearly between the two end-member porosities of IC and IF. 
Experiments on bimodal systems have validated the v-shape and its porosity minimum, 
IMIN. For example, Marion et al. (1987, 1992) report a porosity minimum in natural sand-clay 
sediment occurring at 20-40 wt% clay (Fig. 17A) with a dependency on pressure. The 
porosity minimum is caused by changes in packing. Ideal packing in this context occurs when 
the fine grains are fully accommodated within the pore spaces so that the original packing of 
the coarse grains is undisturbed. The ratio of the two diameters is the key parameter that 
governs packing (McGeary, 1961) with a mixture close to ideal when dC >> dF. Marion et al. 
(1992) assumed ideal packing in their theory because for the experiments, dC/dF | 50. 
However, the actual value of IMIN is underpredicted and so the concept of fractional packing 
(Koltermann & Gorelick, 1995) was introduced to model the more realistic scenario where, 
although one type of packing might dominate, local regions of different packing may occur 
(Fig. 17A). 
Yin et al. (1993) next defined  a critical volumetric clay content, )CRIT. When )F)CRIT 
the sediment is framework-supported (coarse-packed) with the clay fraction replacing pore 
fluid, causing an increase in the bulk modulus and decrease in porosity (Fig. 17B). When 
)F!)CRIT the sediment is matrix-supported (fine-packed) as the addition of more clay causes 
the sand grains to become separated, decreasing the bulk modulus and increasing porosity. 
Coarse grains now act as non-SRURXVLPSHUPHDEOHµEDIIOHV¶ (Esselburn et al., 2011). 
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 The porosity minimum, IMIN, occurs at )CRIT. This point also corresponds to the 
transition in reservoir geology between a shaley sandstone and a sandy shale, with a peak in 
p-wave velocity (Avseth, 2010). It is recognised in many studies showing that a bed 
composed of a mixture of coarse and fine particles can have a lower porosity, and thus a 
higher density, than a monodisperse bed of either fine or coarse material (e.g. Sohn & 
Moreland 1968; Allen 1985, §2.8; Yu & Standish 1987; Pirmez et al., 1997; Kamann et al. 
2007; Esselburn et al. 2011). 
 
Polydisperse mixtures 
Natural sediments tend to be continuous distributions with I depending on the complex 
geometry of the sediment, the shape of the grain size distribution, the ratio of the grain sizes 
and the packing of individual grains. Key studies on polydisperse mixtures include early 
experiments by Furnas (1931), the effect of different distributions by Sohn & Moreland 
(1968), and PRGHOOLQJRI)XUQDV¶VGDWDE\%URXZHUV , which relates porosity to both 
the size ratio and the relative volumetric ratio of constituent grains (Fig. 17C). An alternative 
modelling approach involves fractal models to characterise the grain size distribution (e.g. 
Arya & Paris, 1981; Ghanbarian-Alavijeh et al, 2011). Here the medium-sized grains fit into 
the pore spaces between the coarsest grains, with smaller pores infilled by progressively-
smaller grains.  
The current understanding is that poorly-sorted sediment packs more closely than well-
sorted sediment (e.g. Roger and Head, 1961), but the optimal blend of particle sizes to create 
the bed density maximum is not known. Consequently there is insufficient understanding to 
state, on the basis of grain size data alone, what the original density of a bed is likely to have 
been. 
 
Reverse density gradient estimates 
Upper bounds for the density differences that may arise within an unconsolidated sand-
clay turbidite can be obtained by assuming that 
(a) in a clean sand, the pore space is filled solely with water, giving a bulk density 
 ȡclean-sand = ȡ0 + Ksand (ȡqtz ± ȡ0) (19a) 
where Ksand  is the packing fraction, i.e. the volumetric fraction of sand. 
(b) in a muddy sand, the pore space is filled solely with mud, giving a bulk density 
 ȡmuddy-sand = ȡ0 + Ksand (ȡqtz ± ȡmud) (19b) 
(c) the bulk density of mud is intermediate between that of water and of clay particles,
 ȡmud = ȡ0 + Kclay (ȡclay ± ȡ0)  (19c) 
TakingKsand | 0.6, ȡclay = ȡqtz = 2650 kg m-3 andKclay | 0.4 provides estimates for ȡclean-sand | 
1990 kg m-3 and ȡmuddy-sand | 2250 kg m-3 suggesting that an unstable density gradient is likely 
at some height within the bed as clean Bouma C sand gives way to mud-rich sand. A change 
in sorting (Fig. 14A) also points to an increase in bed density within the now-deformed region 
(c.f. Rogers & Head, 1960). 
The estimate of 'U = (ȡmuddy-sand - ȡclean-sand) | 260 kg m-3 represents the extreme case, so a 
lower value of 'U | 200 kg m-3 is used in Eq. (15). Taking this simple estimate further is 
problematic because calculations on bed density involve a ternary packing problem. For 
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summary, core measurements for dvol and )F using different upper bounds, are listed in Table 
2. Considering )F < 8 Pm because, for an equivalent bimodal mixture dF ~ 0.1dC: )F doubles 
between the Bouma C division and the convolutions, yet quadruples between the convolutions 
and draping laminated silt. Assuming Bouma C is grain-supported, this first increase might be 
accommodated within the pores, reducing I and increasing Ubed. However, the substantial 
increase above the folds may cause the sediment to evolve to matrix-support, returning to a 
lower bed density but with a crucial associated drop in permeability. We suggest that this 
transition occurred within the now-deformed region. 
Given the uncertainties, a key part of our proposed instability mechanism remains 
speculative. Nevertheless, it is likely that, when there is sufficient fine material in the bed, a 
porosity minimum and therefore reverse density gradient may form at a critical clay content. 
Buoyant instabilities during the settling of sand±mud suspensions were observed 
experimentally by Amy et al. (2006), although only in a regime with relatively high 
concentrations and an intermediate fraction of mud (their regime III; pp. 1426±1427); at 
higher mud fractions, both buoyant instability and elutriation were suppressed. 
 
 
CONCLUSIONS 
 
Key features of convolute lamination 
Field observations reveal the following features relevant to turbidite convolute lamination 
generally: 
x Convolute lamination occurs in discrete intervals within graded turbidites; intervals 
with a limited range of thickness (mostly 20 to 100 mm) and grain size (very fine 
sand to interlaminated silt/clay) that imply a restricted window of optimal formation 
conditions.  
x Observed growth geometries confirm that the structure formed during sedimentation 
of the host graded bed. 
x Folds are seen to nucleate above current ripples in the very fine sand of the Bouma C 
division and to reach their greatest amplitude in the interlaminated silt and clay of the 
Bouma D division.  
x Folds show both a down-flow asymmetry, presumably due to current shear stress, and 
doubly-vergent diapiric geometries, presumably due to bed-normal buoyancy forces. 
x Thin-section images and grain size profiles indicate that the host bed grades normally, 
with the sand upward-fining gently through the convolutions but the mud fraction 
increasing rapidly. 
 
Quantitative assessment of mechanisms 
 Quantitative analyses of three possible causal mechanisms, employing field values to 
constrain parameters used to estimate growth times and fold wave-lengths, indicate that both 
buoyancy-driven instability in the z-direction and shear instability in the x-direction are 
possible, in accord with the field observations. Problematically, folding theoretically occurs 
on a shorter timescale than the estimated deposition time of the affected layer. Viscous 
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buckling, requiring cross-flow y-direction forcing, is unlikely. Post-depositional mechanisms 
and water escape are excluded based on field evidence. 
 
 
Idealised sequence 
Using grain size and sorting measurements from core, field observations from outcrop and 
inferring bed density based on the discussions earlier, a vertical sequence through a muddy 
turbidite is sketched in Fig. 18, with grain diameters and fractions proportional to data (Fig. 
12 and Table 2). Clean Bouma B sand occurs at the base. Moving upwards through Bouma C 
rippled sand, and into the convolute lamination, the sands gently fine and the proportion of 
mud progressively increases. This causes the sorting to deteriorate with a likely decrease in 
porosity and corresponding increase in bed density, leading to the development of an unstable 
density gradient within the depositing bed. At some critical fines content and height, the 
grain-supported framework is envisaged as evolving into a matrix-supported framework, with 
the sediment above returning to a stable density gradient. Allen (1972, 1977) suggested that 
simply a change from ripple to plane bedding may result in sufficient density contrast to 
create instability, as could resedimentation of a liquefied sediment. In the new hypothesis, the 
density reversal is an inherent primary feature arising from the natural packing of grains 
during deposition of a normally-graded poorly-sorted bed. Finally, Bouma D/E division 
drapes the folds. This clay-rich sediment is very poorly sorted so likely to have a low porosity 
and a very low permeability. 
 
Process hypothesis 
Dynamically, a dilute turbidity current is envisaged, depositing clean rippled sand (Fig. 19, 
label [1]) that grades upwards into higher-density mud-rich sand. This reverse density 
gradient leads to buoyancy-driven vertical movement of material (Fig. 19, [2]). Upwelling 
regions occur above the crests of underlying linguoid ripples. While these early symmetric 
folds are nucleating and developing, laminated sediment continues to be laid down over the 
folds and into the troughs. The over-riding depositing current imposes sufficient shear to 
amplify the fold growth in the downstream direction (Fig. 19, [3]). Finally, with clay-rich silt 
aggrading the bed (Fig. 19. [4]), further development of the convolutions is suppressed. Clay 
plays a critical role in the process. It reduces the permeability of the deforming sediment so 
creating a plastic material with a yield stress. It generates the density contrast required to 
drive the Rayleigh-Taylor instability. Finally, clay-rich laminated silt confines the 
convolutions to a thin layer within the host bed. 
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NOMENCLATURE 
 
cs, ctot, cf, ci skin drag, total drag, form drag, interfacial drag coefficients 
C volumetric fraction (concentration) of sediment in fluid suspension 
d grain diameter 
dtyp typical grain diameter 
dC, dF diameter of coarse grains / fine grains in a bimodal mixture 
dVOL volumetric mean grain size 
dMOD modal grain size diameter 
d50, d90  50th / 90th percentile value of grain size distribution 
g acceleration due to gravity 
g' reduced gravity of a flow 
h bed or layer thickness 
H flow thickness 
K packing fraction (=1-I) 
Ksand, Kclay packing fraction of sand / clay 
k wave number 
kcut cut-off wave number 
L cross-flow spacing of linguoid ripples 
r correlation coefficient 
Re Reynolds number 
S horizontal shear rate 
Sc critical horizontal shear rate 
sk1 skewness of a distribution 
T growth time of instability 
Tdep deposition time 
U current speed 
ws settling velocity 
J  shear rate 
Ȝ wavelength 
Ȝcut critical wavelength 
. permeability
ȝ bed viscosity 
ȡbed density of the bed 
ȡC density of the current 
ȡclay density of clay 
ȡclean-sand density of clean sand 
ȡmud density of mud 
ȡmuddy-sand density of muddy sand 
ȡpack packing density of a sediment (mass of solids per unit volume) 
ȡqtz density of quartz 
ȡ0 density of water 
ȡU, ȡ1 density of upper / lower layers in a bed 
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ı growth rate of instability 
ı1 sorting coefficient 
Ĳ bed shear stress 
Ĭ Shields parameter 
I porosity 
IC,IF porosity of coarse sediment and fine sediment 
I0,1 minimum porosity in a sediment mixture 
ICRIT critical porosity marking transition in grain support mechanism 
)F volumetric fraction of fine material in the bed 
 
 
 
 
Appendix: Analysis of the Kelvin±Helmholtz instability between an inviscid and a 
viscous fluid 
 
The overlying flow is modelled as infinitely deep, inviscid and irrotational, with constant 
unperturbed speed ܷ in the ݔ-direction. The underlying fluid is Newtonian and of high 
viscosity (i.e. it undergoes Stokes flow); it is also infinitely deep and is initially at rest. The 
unperturbed interface position is ݖ ൌ  ?. 
 
Governing equations and boundary conditions 
 
7KHXSSHUOD\HUREH\V/DSODFH¶VHTXDWLRQDQG%HUQRXOOL¶VHTXDWLRQ 
 ׏ଶ߶ ൌ  ?ǡ݌ ൌ ݌଴ െ ߩଵ பథப௧ െ ଵଶ ߩଵ ൤ቀܷ ൅ பథப௫ቁଶ ൅ ቀபథப௭ቁଶ൨ െ ߩଵ݃ݖǤ (A1) 
   
Note that the velocity is  
 ܝଵ ൌ ܷ܍௫ ൅ ׏߶Ǥ (A2) 
 
The lower layer obeys continuity and Stokes flow,  
 ׏ ڄ ܝଶ ൌ  ?ǡ׏ଶܝଶ ൌ ׏݌ଶ ൅ ߩଶ݃܍௭Ǥ (A3) 
 
At the interface ݖ ൌ ߟሺݔǡ ݐሻ, the flows satisfy the kinematic conditions  
 
பఎப௧ ൅ ቀܷ ൅ பథப௫ቁ பఎப௫ ൌ பథப௭ ǡபఎப௧ ൅ ݑଶ பఎப௫ ൌ ݓଶǡ (A4) 
along with the stress and pressure continuity conditions  
 ݌ଵ ൌ ݌ଶǡૌ૛ ൌ ૙ǡ (A5) 
where ૌ૛ is the tangential shear stress on the interface. 
Finally, the far-field conditions are  
 ߶ ՜  ?ǡ ݌ଵ ?݌଴ െ ߩଵ݃ݖݖ ՜  ?Ǣܝଶ ՜ ૙ǡ ݌ଶ ?݌଴ െ ߩଶ݃ݖݖ ՜ െ ?Ǥ (A6) 
 
 
Linearisation 
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Seeking normal-mode solutions of the form 
 ߟ ൌ ߝߟ଴୧௞௫ఙ௧ǡ߶ ൌ ߝȰሺݖሻ୧௞௫ఙ௧ǡ݌ଵ ൌ ߝ ଵܲሺݖሻ୧௞௫ఙ௧ǡ 
 ݌ଶ ൌ ߝ ଶܲሺݖሻ୧௞௫ఙ௧ǡݑଶ ൌ ߝܷሺݖሻ୧௞௫ఙ௧ǡݓଶ ൌ ߝܹሺݖሻ୧௞௫ఙ௧ǡ (A7) 
the governing equations at ࣩሺߝሻ become 
 െ݇ଶȰ ൅ ୢమ஍ୢ௭మ ൌ  ?ǡ ଵܲሺݖሻ ൅ ߩଵܷȰ݇ ൅ ߩଵ߶ߪ ൌ  ?ǡ െ ߤଶܷ݇ଶ ൅ ߤଶ ୢమ௎ୢ௭మ െ  ଶܲ݇ ൌ  ?ǡ 
 െɊଶܹ݇ଶ ൅ ߤଶ ୢమௐୢ௭మ െ ୢ௉మୢ௭ ൌ  ?ǡܷ ݇ ൅ ୢௐୢ௭ ൌ  ?Ǥ (A8) 
 
Solving in each region, applying the far-field boundary conditions and normalising the 
amplitude of ߶ to unity yields 
 ଵܲሺݖሻ ൌ െሺߩଵܷ݇ ൅ ߩଵߪሻି௞௭ǡȰሺݖሻ ൌ ି௞௭ (A9) 
 and  
 ଶܲሺݖሻ ൌ  ?ܥଶߤଶ௞௭ǡܷሺݖሻ ൌ ൫஼భ௞ୣೖ೥ା஼మ௞ୣೖ೥௭ା஼మୣೖ೥൯୧௞ ǡ 
 ܹሺݖሻ ൌ ܥଵ௞௭ ൅ ܥଶ௞௭ݖǡ (A10) 
where ܥଵ and ܥଶ are as yet undetermined constants. 
 The linearised interface boundary conditions at ݖ ൌ  ?become  
 ݌ଶ ൅ ߟ ப௣మப௭ ൌ ݌ଵ ൅ ߟ ப௣భப௭ ǡபఎப௧ ൅ ܷ பఎப௫ ൌ பథப௭ ǡபఎப௧ ൌ ݓଶ ǡப௨మப௫ ൌ  ?Ǥ (A11) 
These yield the system  
  ?ߤଶܥଶ െ ߟ଴ߩଶ݃ ൅ ߩଵܷ݇ ൅ ߩଵߪ ൅ ߟ଴ߩଵ݃ ൌ  ?ǡߟ଴ߪ ൅ ߟ଴ܷ݇ ൅ ݇ ൌ  ?ǡ 
 ߟ଴ߪ െ ܥଵ ൌ  ?ǡ െ ܥଵ݇ െ ܥଶ ൌ  ?ǡ (A12) 
which reduces to  
 ߟ଴ ൌ െ ௞ఙା௞௎୧ ǡܥଵ ൌ ߟ଴ߪǡܥଶ ൌ െߟ଴ߪ݇ (A13) 
and  
 െ ௞ఙା௞௎୧ ሺെ ?ߤଶߪ݇ െ ݃ሺߩଶ െ ߩଵሻሻ ൅ ߩଵܷ݇ ൅ ߩଵߪ ൌ  ?Ǥ (A14) 
Hence the dispersion relation as a quadratic as obtained, 
 ȭଶ ൅  ?ሺߢ ൅ ܯߢଶሻȭ ൅ ߢ െ ߢଶ ൌ  ?ǡ (A15) 
where the dimensionless variables are 
 ߪ ൌ ௚ᇱ௎ ȭǡ ݇ ൌ ௚ᇱ௎మ ߢǡ݃ᇱ ൌ ቀఘమఘభ െ  ?ቁ ǡ ܯ ൌఓమఘభ ௚ᇲ௎యǤ (A16) 
The parameter ܯ measures the relative importance of viscous to inertial±gravity effects. 
The solutions for ȭ are easily obtained as  
 ȭ ൌ ȭേ ൌ െߢ െ ܯߢଶ േ ሺ ?ߢଷܯ ൅ ܯଶߢସ െ ߢሻభమǤ (A17) 
The dominant solution is ȭା. It is easy to show that Ըሺȭାሻ is negative for  ? ൏ ߢ ൏  ?, passes 
through zero at ߢ ൌ  ? and monotonically increases towards a finite value,  
 Ըሺȭାሻ ՜ ଵଶெ ߢ ՜  ?Ǥ (A18) 
In dimensional terms, this means that the growth rate of perturbations is bounded above by  
 ߪ୫ୟ୶ ൌ ଵଶ ௚ᇱ௎ ଵெ ൌ ఘభ௎మଶఓమ Ǥ (A19) 
Note, finally, that in the limit ߢ ՜  ? the model becomes inadequate, both because short 
ZDYHV ZLOO ³VHH´ WKH QRQ-sharpness of the change in velocity at the interface, and because 
when ݇ߝ ? ? the assumption of gentle variation behind the linearised model breaks down. 
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Formally, this is the limiting growth rate for very short waves. In fact, the model is expected 
to break down for waves shorter than the boundary-layer thickness associated with the 
overlying flow, so if instability is predicted only for very short waves then it is possible that 
in fact it will not occur at all. 
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TABLES 
 
Table 1 
 
Physical parameter Notation Minimum Maximum Units Origin 
Grain size  d 10-5 10-4 m measured 
  (10 Pm) (100 Pm)   
Bed thickness  h 5 x 10-2 5 x 10-2 m measured 
Bed density  ȡbed 1.8 x 103 2.2 x 103 kg m-3 estimated 
Suspension vol fraction  ĳ 0.05 0.1  estimated 
Bed vol fraction  K 0.5 0.7  estimated 
Shields parameter  Ĭ 0.03 1  estimated 
Settling speed  ws 10-4 10-3 m s-1 inferred 
Deposition time  Tdep(ws) 300 6000 s inferred 
Bed shear stress  ĲĬ 0.015 0.5 Pa inferred 
Current speed  U Ĭ 0.04 0.5 m s-1 inferred 
Bed viscosity  ȝĬws) 4.5 300 Pa s inferred 
 
 
Table 2 
 
Division dvol 
)F < 
32 Pm 16 Pm 8 Pm 
Laminated silt, Bouma D 50Pm ~ 50% ~ 40% ~ 20% 
Convolute lamination 80Pm ~ 25% ~ 10% ~ 5% 
Cross-laminated sand, Bouma C 100Pm ~ 10% ~ 5% ~ 2.5% 
 
 
FIGURE CAPTIONS 
 
Table 1: Summary of the reconstructed physical parameter values and some of the 
interdependencies between inferred parameters, listed in order of increasing levels of 
uncertainty. A single representative bed thickness h is considered. Estimates are based 
principally on data from the Aberystwyth Grits, supplemented with the Icod turbidite data 
which are broadly similar. 
 
Table 2: Summary of approximate grain size data from core 166/27, listing the average 
volumetric grain size, dvol, and )F, the fine fraction percentage above, below and within the 
convoluted region, for different arbitrary fine fraction upper boundaries. 
 
Fig. 1. Convolute lamination in two sandstone-mudstone turbidite beds (3 and 7) in the 
Trefechan Formation, Aberystwyth Grits (First Cove, Aberystwyth, SN 5828 8270). In both 
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examples, the folds are confined to the sand-rich portion of the bed, and are bounded by 
cross-lamination below and planar lamination above. 
 
Fig. 2. (A &KDUDFWHULVWLFV RI ³FRQYROXWH EHGGLQJ´ LQ WKH $EHU\VWZ\WK Grits as defined by 
Kuenen (1953, pp.14-15). (B) Kinematic classification of convolute lamination based on 
truncation of laminae (Allen, 1977; 1985). 
 
Fig. 3. Proposed formation mechanisms for convolute lamination: (A) downslope shear (e.g. 
Rich, 1950; 'ĪXá\ĔVNL et al., 1959), (B) current shear (e.g. Keunen, 1953; Ten Haaf, 1956), 
(C) buoyancy instability (e.g. Natland & Keunen, 1951, 'ĪXá\ĔVNL 	 6PLWK ; Allen, 
1977), (D) water escape (e.g. Migliorini, 1950). 
 
Fig. 4. Geological map of the Aberystwyth Grits, with dominant palaeoflow directions and 
main localities studied. 
 
Fig. 5. Optical scans of polished surfaces through convolute lamination with line drawings of 
notable geometric features (Allt Wen, SN 576 797). 
 
Fig. 6. A back-scattered image through convolute lamination: graded laminations are picked 
out by alternating zones of detrital quartz and chlorite-mica stacks, the altered product of 
mud. 
 
Fig. 7. (A) Polished slab with (B) thin-sections taken through the convoluted region and (C) a 
series of microscope photographs. These suggest that the sand is relatively clean below the 
convoluted zone (ii and ii) with increasing silt/mud and chlorite-mica stacks moving upwards 
through the convolutions (iii and iv). Above the convolutions, sand is absent (v). 
 
Fig. 8. Extent of Icod debris avalanche and turbidite, a volcaniclastic event originating from 
Tenerife (from Hunt et al. 2011). The series of cores presented are taken through the centre of 
the Agadir Basin (AB) with the grainsize data taken from CD166-27. 
 
Fig. 9. A schematic of core 166/27 (Hunt et al., 2011). Seven subunits are identified by Hunt 
et al. (2011). These relate to the order of retrogressive failure of the source area. Convolute 
lamination is present in subunits 2 and 3. 
 
Fig. 10. Photographs of four cores through the Icod turbidite (bed 14), taken tens of km apart 
along the axis of the Agadir Basin, showing the lowermost subunits and the folding present in 
subunits 2 and 3. 
 
Fig. 11. In (A), grain size measurements with deposit height through core 166/27 are presented 
using four different measures for average grain size: volumetric mean, dvol, modal value, dmode, 
50th percentile, d50 and 90th percentile, d90. Each subunit fines upwards. Shaded areas mark 
regions of convolute lamination; dashed lines mark boundaries between subunits representing 
different stages of retrogressive failure. In (B), the proportion of sediment less than 32 Pm 
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(5I) increases with height through the convolutions, and markedly within the sediment 
overlying the convolutions. 
 
Fig. 12. A plot of the proportion of fine sediment, )F, against average grain size, dvol, coded 
by sedimentary structure, reveals a window within which convolute lamination occurs. Planar 
(Bouma B) and cross (Bouma C) laminated sand is coarser and fines-poor; overlying 
laminated silt (Bouma D/E) is usually finer with a significantly higher proportion of fines. 
 
Fig. 13. Grain size distribution curves for three samples taken at different heights within the 
convolute lamination of subunit 2 (base, middle, top) from Icod core CD166/27.Additional 
samples from underlying cross-laminated sand and overlying silt provide lower and upper 
bounds. Data was output in bins of constant width of ¼I Grain size is thus plotted on the I 
log scale, so that the area under each sample curve remains constant. 
 
Fig. 14. Plots of sorting, V1, (Folk & Ward, 1957) with (A) bed height, (B) proportion of fines, 
)F. Cross-laminated sand below the convolutions in both subunits is better sorted than the 
convoluted layer, owing to the lack of fines. Laminated silt above is more poorly sorted, due 
to the significant proportion of fine silt (c.f. Fig. 7A). Convoluted sediment lies in between. 
Sorting correlates well with fines content (r=0.95). 
 
Fig. 15. Relationship between skewness and proportion of fines)F with the different divisions 
plotting in different regions of parameter space. 
 
Fig. 16. Definition diagrams for parameters used in the quantitative analyses of convolute 
lamination formation mechanisms. 
 
Fig. 17. Three illustrations show relations between porosity, bed density and grain size based 
on experiments and numerics: (A) Experiments on bidisperse mixtures of ~ 280 Pm sand and 
< 4 Pm clay by Marion et al. (1992) identify a porosity minimum that is lower than the 
porosities of either pure end-member. (B) Explanation for a porosity minimum and 
corresponding density maximum in terms of a coarse- and fine-packing transition (from 
Koltermann & Gorelick (1995). (C) Exploring the role of the ratio of grain sizes on porosity 
of a bimodal mixtures (from Brouwers, 2006). 
 
Fig. 18: Schematic diagram through a fine-grained graded turbidite containing convolute 
lamination, based on field observations and core measurements. Detrital sand gently grades 
normally through Bouma B and C divisions, and the convolutions, while the proportion of 
fines increases more markedly. The laminated silt above the folds is noticeably finer-grained. 
Grain size and sorting are measured; bed density is inferred. 
 
Fig. 19: Summary diagram of the formation of convolute lamination in the Aberystwyth 
Grits.  Deposition of rippled sediment (1) from the flow forms the linguiod substrate upon 
which the folds nucleate. Buoyancy-instability develops (2) owing to an unstable density 
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gradient within the forming bed. The resulting folds are sheared and amplified by the over-
riding, still-depositing current (3). Deposition of the finest sediment from the flow suppresses 
further development of the folds (4).  
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